Nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) remain the cornerstone of HIV treatment; however, they are associated with toxicities attributed in part to inhibition of mitochondrial DNA (mtDNA) polymerase ␥. In this study, we compared the in vitro toxicity profiles of structurally similar NRTIs (BMS-986001 to stavudine and tenofovir to adefovir) that differ by the presence of an acetylene or methyl group, respectively. Primary cultures of human renal proximal tubule epithelium, skeletal muscle myotubes, and differentiated adipocytes were exposed to the NRTIs at the maximum concentration (C max ) reported for the clinically approved dose (investigational dose for BMS-986001, 600 mg) and a high equimolar concentration (200 M) for 19 days. After 19 days, BMS-986001 did not significantly decrease mtDNA or cell protein at either concentration in any cell line. In contrast, stavudine significantly decreased mtDNA in all cultures (1.5-to 2.5-fold) (except at C max in renal cells) and cell protein in renal cells (1.4-to 2.4-fold). By day 19, at 200 M, tenofovir significantly reduced mtDNA in adipocytes (1.9-fold) and adefovir significantly decreased mtDNA in all cultures (3.7-to 10.2-fold); however, no significant reduction in mtDNA was observed at C max in any cell line. Adefovir also significantly reduced cell protein at both concentrations in renal cells (2.2-to 2.8-fold) and at 200 M in muscle cells (2.0-fold). In conclusion, BMS-986001 and tenofovir were considerably less cytotoxic than their respective structural analogs, demonstrating that small structural differences can contribute to significant differences in toxicity.
N
ucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) remain a cornerstone of combination antiretroviral therapy for HIV. Although several NRTIs are used extensively, there are ongoing concerns regarding the established and potential long-term toxicities of the class. These include cytopenias (zidovudine [AZT]), pancreatitis (didanosine [ddI] ), and other issues related to mitochondrial toxicity, including peripheral neuropathy (ddI and stavudine [d4T]), lipoatrophy (d4T and AZT), and metabolic acidosis (predominantly with d4T, ddI, and AZT) (1) . Major HIV type 1 (HIV-1) treatment guidelines recommend combinations of tenofovir disoproxil fumarate (TDF) or abacavir (ABC) with emtricitabine or lamivudine as part of initial HIV-1 treatment regimens (1) (2) (3) . TDF is preferred due to a favorable tolerability and efficacy profile; however, concerns regarding nephrotoxicity, decreased bone mineral density, and increased risk of fractures remain (1, (4) (5) (6) . Inhibition of mitochondrial DNA (mtDNA) synthesis or mitochondrial damage is commonly considered to be the cause of toxicities such as lipoatrophy, associated with d4T and AZT (7, 8) , or nephrotoxicity, associated with TDF (9) (10) (11) .
BMS-986001 is a thymidine NRTI that has been developed to maintain the in vitro antiviral activity demonstrated by other NRTIs without the associated toxicity concerns. BMS-986001 (previously known as 4=-Ed4T and festinavir) is a novel analog of d4T which, in preliminary in vitro experiments, demonstrated potent antiviral activity and reduced mitochondrial toxicity compared with the mitochondrial toxicity of d4T (12) .
In order to further evaluate the in vitro toxicity profile of BMS-986001, we examined its effect on mtDNA levels and measures of cell viability in several fully differentiated human cell lines. The effects of BMS-986001 were compared with those of the thymidine analog d4T, from which it differs by the presence of an acetylene group on the 5-membered ring in BMS-986001 (Fig. 1) . Additionally, the adenosine analogs tenofovir (TFV) and adefovir (ADV) were evaluated; these molecules are also structurally similar, with TFV having an additional methyl group compared with the structure of ADV (Fig. 1) . ADV, which is not approved for use in treating HIV-1, was selected because of its structural similarity to TFV and, also, because it is associated with a significant clinical incidence of renal toxicity, the mechanism of which remains unproven but which is possibly related to mitochondrial toxicity (13, 14) . Finally, the in vitro toxicity profiles of AZT, an early thymidine analog, and ABC, an NRTI commonly used in clinical practice, were evaluated.
(This work has been presented in part at the XIX International AIDS Conference, Washington, DC, 22 to 27 July 2012 [15] and the 11th International Congress on Drug Therapy in HIV Infection, Glasgow, United Kingdom, 11 to 15 November 2012 [16] .) Total cell protein. Changes in total cell protein are associated with changes in cell number, with a decrease in protein concentration indicating loss of cells. Protein was measured using the bicinchoninic acid (BCA) method (BCA solution; Sigma) following lysis of the cultured cells in each well with somatic cell ATP-releasing reagent (Sigma). Absorption was measured at 562 nm, and the protein content (mg protein/ml) of each sample was determined by comparison with standard curves (protein standards; Thermo Scientific, Waltham, MA).
ATP content. ATP is required by all cells, and consequently, a decrease in ATP levels is indicative of cell loss. Cell ATP content was measured using the CellTiter-Glo luminescent cell viability assay (Promega, Fitchburg, WI) and an EnVision plate reader (Perkin-Elmer, Waltham, MA) according to the manufacturers' instructions. Bioluminescence was measured as light intensity units (LU)/mg cell protein.
Lactate release. Lactate production was measured as an indicator of conversion from oxidative respiration to glycolysis and also as a measure of cell viability. The amount of lactate released into the culture medium was determined by analysis of culture supernatants using lactate reagent (Roche Diagnostics, Indianapolis, IN) and a Roche/Hitachi 912 clinical chemistry analyzer according to the manufacturer's instructions. mtDNA ATP8 content. ATP8 is a subunit of mtDNA polymerase ␥; as such, the abundance of ATP8 DNA is indicative of mitochondrial content and, thus, is a surrogate marker for mitochondrial DNA polymerase ␥ activity. DNA was isolated from the cells using the Qiagen AllPrep DNA/ RNA minikit (Qiagen, Germantown, MD). Quantitative PCR (TaqMan; Invitrogen, Carlsbad, CA) was conducted using the ABI PRISM 7900 sequence detection system on 10 ng of DNA. The primer/probe sets were designed using ABI PRISM Primer Express software (PE Biosystems, Foster City, CA). The human gene primers and TaqMan probes are shown in Table 2 and were used at final concentrations of 600 to 900 nM for the primers and 200 nM for the probes. Cycle time values were normalized to those of the glyceraldehyde-3-phosphate dehydrogenase housekeeping gene (GAPDH) and the vehicle control (water, 1%), and the relative expression quantities were determined. The amplification efficiency of the primer/probe was above 94%.
Analysis of results. Data are presented as means Ϯ standard errors in all tables and Fig. 1 . The data were examined for significant changes with respect to the vehicle-treated control for the day of assay using JMP 8.0 (The SAS Institute, Cary, NC). Analysis of variance followed by the Dunnett or the Tukey-Kramer post hoc comparisons of means were performed, and statistical significance denoted by a P value of Յ0.05.
RESULTS

Control cultures.
Control cultures grown without the addition of any test compound are shown in Fig. 2 . In kidney cell (RPT) cul- tures, there was a trend over 19 days toward loss of total cell protein, which was accompanied by an increase in ATP concentration and a reduction in lactate secretion (Table 3 ). This suggests that aerobic metabolism increased over time in untreated RPT cells. In control adipocyte and muscle cell cultures, there was no trend for change in ATP content, lactate secretion, or total protein content, which would be indicative of loss of viability, over 19 days (Tables  4 and 5 (Table 3) . At both concentrations of BMS-986001, the ATP levels and lactate release were significantly different from those in the control culture on day 9; however, the differences were not significant at day 14 or day 19. As expected, treatment of RPT cells with d4T at both its C max and 200 M resulted in significant changes in all measures (Table 3) . Significant cell loss, as measured by reduction in total cell protein, was observed with both drug concentrations. d4T induced significant time-and concentration-related reductions in mtDNA levels, correlating with decreased cell numbers and reduced mtDNA polymerase activity. Additionally, d4T induced significant time-and concentration-related reductions in ATP, indicative of decreased cell viability, and time-related reductions in lactate release by RPT cells exposed to 200 M d4T accompanied the loss of cells at this concentration.
(ii) Differentiated adipocytes. There was no change over time in total cell protein following treatment with either BMS-986001 or d4T, indicating that cell numbers were not affected by either compound (Table 4) . Neither concentration of BMS-986001 tested resulted in time-related reductions in mtDNA versus the amounts in the control, although there was a significant increase on day 9 in the 40 M cultures. In contrast, mtDNA was reduced by day 19 following culture in d4T at 8 M and 200 M, suggesting that mtDNA polymerase ␥ activity was reduced in the presence of d4T. At C max , BMS-986001 had no significant effect on adipocyte ATP levels, but ATP concentrations were decreased by 20 to 25% on days 14 and 19 in cultures exposed to BMS-986001 at 200 M. Treatment with both concentrations of d4T induced significant time-and concentration-related reductions in ATP levels. At the higher concentration, BMS-986001 induced a significant, 25% decrease in lactate secretion at day 19, which was not observed in the d4T-treated cultures. These observations imply that the higher concentration of BMS-986001 and both concentrations of d4T are associated with reductions in metabolic activity.
(iii) Skeletal muscle myoblasts. At the reported C max , BMS-986001 did not induce statistically significant changes in any viability measure or mtDNA level in human muscle cell cultures. At the 200 M concentration, the only significant change recorded was an increase in lactate secretion on day 19 (Table 5) .
d4T had no significant effect on total cell protein at either concentration tested; however, significant increases in lactate secretion were observed at all time points for both d4T concentrations (Table 5 ). In addition, significant decreases in mtDNA were recorded at both concentrations and at all time points, indicating mitochondrial toxicity. ATP levels were not reduced and even increased at days 9 and 14 in muscle cells exposed to 200 M d4T. The increased lactate production is indicative of conversion from oxidative metabolism to anaerobic metabolism and, thus, of significantly reduced mitochondrial function, due in this case to reduced mitochondrial DNA. Increases in ATP may appear to be paradoxical but are an indicator of the cell's response to respiratory stress. (Table 3) , with the exception of day 9, when there were significant differences versus the results for control cultures in ATP levels and lactate secretion, but these were not maintained at later time points. Furthermore, TFV did not significantly affect the mtDNA content of these cells. In contrast, ADV significantly reduced the total cell protein of RPT cultures at both test concentrations, with greater reductions recorded at the later time points (Table 3) , indicating a decrease in cell numbers. At the higher, 200 M concentration, ADV reduced both the protein and ATP concentration, indicating loss of cells due to cytotoxicity, but at the lower ADV concentration of 3 M, the ATP concentration increased, with time-related decreases in protein, possibly indicating a reduction in cell size without loss of cell numbers. ADV significantly decreased lactate release at both concentrations, and at the 200 M concentration, it significantly reduced the amount of mtDNA, which may either correspond to inhibition of mitochondrial DNA polymerase ␥ or be related to a reduction in cell size.
Cultures treated with TFV and ADV. (i) RPT cells. Neither concentration of TFV tested induced significant time-or concentration-dependent reductions in the viability measures of RPT cells
(ii) Differentiated adipocytes. At C max , neither TFV nor ADV significantly affected cell viability measures or mtDNA, with the exception of an increase in ATP on day 9 with TFV and a decrease in ATP on days 14 and 19 with ADV (Table 4) . At a concentration of 200 M, TFV was associated with a significant decrease in mtDNA of around 50%. Total protein levels were significantly decreased on day 9 but not subsequently, and there was also a significant decrease in ATP levels on day 14. Similarly, exposure to ADV at 200 M resulted in large decreases in mtDNA, with a level of only 10% of the level in the control culture recorded on day 19. Significant decreases in ATP (day 14) and lactate secretion (days 9 and 14) were also recorded with ADV at 200 M. The observed reductions in mtDNA and other viability measures may be due to toxicity impacting cellular metabolic activity.
(iii) Skeletal muscle myoblasts. As observed in RPT and adipocyte cultures, TFV did not induce significant reductions in the viability of muscle cells at its reported C max or at 200 M ( Table 5 ). The only significant difference from the control cultures was an increase in lactate excretion at day 19 in the 200 M-treated cultures. In addition, TFV did not reduce the mtDNA content of these cells at either concentration. In contrast, at the 200 M concentration, ADV induced significant changes in all measures, with a decrease in cell viability indicated by decreases of 40 to 50% in total cell protein and 20 to 30% in lactate release ( Table 5 ). The changes in mtDNA levels were particularly noticeable, as they fell to 11% of the control level at day 19. The effect of ADV at its C max was considerably less, with only the ATP concentrations being significantly different from the concentration in the control at day 19.
Cultures treated with other NRTIs. Toxicity data for ABC and AZT are included in Information in the supplemental material. ABC was consistently cytotoxic in all cell lines, as evidenced by reduced cell protein and lactate, especially at the higher, 200 M concentration. The levels of cell ATP were also reduced in adipocytes but were significantly increased in skeletal muscle cells at both test concentrations and at the reported C max in RPT cells. ABC did not affect mtDNA consistently or in a manner that correlated with the cytotoxicity observed. AZT, an earlier thymidine analog, exhibited cytotoxicity in all cell cultures, as demonstrated by reductions in cell protein and lactate, which are indicative of reduced cell number and/or viability. In contrast, significant increases in cell ATP content were seen in RPT and skeletal muscle cultures. Significant reductions in mtDNA were only observed in RPT cells exposed to 200 M AZT. 
DISCUSSION
NRTIs have been associated with a range of different toxicities, many of which have been linked to mitochondrial toxicity (1, (7) (8) (9) (10) (11) . Preliminary investigations found that BMS-986001 was associated with reduced mitochondrial toxicity compared with that of d4T (12) . We carried out an extensive investigation of the in vitro toxicity profile of BMS-986001 and other NRTIs in order to better evaluate the toxicity profiles of these agents. These data indicate that in kidney, adipose, and muscle cells cultured for up to 19 days, both BMS-986001 and TFV have minimal adverse effects on mtDNA and other endpoints measuring cell viability and metabolism. BMS-986001 did not induce significant reductions in mtDNA in any of the primary cultures at the reported C max (40 M) for the investigational dose of 600 mg once daily (17) or at the 5-fold-higher test concentration of 200 M. Similarly, TFV did not significantly affect the mtDNA content of these cells at the reported C max of 2 M or, with the exception of adipocytes, at the 100-fold-higher concentration of 200 M. In a previous report, TFV (300 M) did not reduce mtDNA in proliferating, undifferentiated human muscle cells (18) . We have now extended this result to include differentiated, nondividing myotubes exposed to TFV. In contrast, significant reductions in mtDNA were induced by d4T and ADV. Indeed, consistent with their known profiles, d4T and ADV were consistently more toxic than either of their close structural analogs, BMS-986001 and TFV, respectively. Toxicity at the 200 M concentration was most often indicated by time-related, significant increases in cell death and changes in ATP or lactate concentrations. The amounts of mtDNA were consistently reduced at both the reported C max and the higher, 200 M concentration of d4T and ADV; however, the magnitude of the reductions varied between cell types. For example, after 19 days, d4T reduced mtDNA at both test concentrations in both differentiated adipocytes and muscle cells but only at the higher concentration tested in kidney cells. ADV reduced mtDNA in all three cell types at the higher concentration of 200 M but not at the reported C max .
One potential explanation for the observed differences in toxicity and for their apparent tissue specificity may be tissue-and NRTI-specific cellular metabolism and transport. For instance, it is well established that transporters and enzymes responsible for nucleoside analog entry and metabolism vary both qualitatively and quantitatively between tissues (19) (20) (21) . ADV, which, like TDF, is associated with renal toxicity (14) , is known to actively accumulate in proximal tubule epithelium in the kidney cortex through the activity of the basolateral human organic ion transporter SLC22A6 (OAT1), and mtDNA depletion has been reported in preclinical models as well as in human kidney (13, 22, 23) . In our study, the high concentration of ADV (200 M) was associated with depletion of mtDNA in all three cell types examined. However, mtDNA depletion was not seen with the concentration equivalent to the reported C max . It is therefore possible that ADV concentrations sufficient to deplete mtDNA are achieved in the RPT in vivo only following active accumulation and are not achieved in other tissues. TFV is also transported by OAT1, but in in vivo studies, no reduction in mtDNA was observed in the kidney (24) . Furthermore, the data reported herein confirm previous observations that TFV does not reduce mtDNA in human RPT cells cultured for up to 3 weeks (18, 25, 26) . Our study indicates that at a high, equimolar concentration (200 M), TDF is significantly less cytotoxic in vitro than ADV. mtDNA polymerase ␥ is the only DNA polymerase in the mitochondria, and consequently, it is intrinsic to the maintenance of mtDNA (27) . Mutations in POLG (the gene encoding mtDNA polymerase ␥) have been linked with a number of disorders (27) , and inhibition of mtDNA polymerase ␥ has been implicated in some NRTI-associated toxicities (7) . An explanation for the generally minimal effects of BMS-986001 and TFV on cell mtDNA content compared with the effects of their structurally similar analogs may therefore be the reported differences in their affinity for mtDNA polymerase ␥. Specifically, d4T (inhibition constant [K i ], 1 M) and ADV (K i , 0.97 M) are 100-and 60-fold more-potent inhibitors of this enzyme than BMS-986001 (K i , Ͼ100 M) and TFV (K i , 59.5 M), respectively (28) (29) (30) .
It should be noted that the reported 40 M C max of BMS-986001 used in this study was selected based on the highest dose investigated in the proof-of-concept study (C max of approximately 11 g/ml, following a dose of 600 mg once daily for 10 days) (17) and is expected to be 2 to 6 times higher than the anticipated C max of the clinical doses under investigation in the ongoing phase IIb study (NCT01489046), which are 100 to 400 mg once daily.
ABC, which is used routinely in clinical practice, exhibited considerable cytotoxicity in the cell lines tested, as evidenced by the changes in viability measures. However, in this study, ABC did not affect mtDNA consistently or in a manner that correlated with the cytotoxicity observed. Increases in mtDNA following exposure to NRTIs have been noted both in vitro and in vivo and may be an initial response to cytotoxic stress (31, 32) . ABC is a guanosine analog and has not been shown to inhibit mtDNA polymerase ␥ in vitro (33, 34) , indicating that the cytotoxicity observed was most likely related to some other mechanism than impairment of mtDNA replication by ABC. Similarly, the general lack of effect of AZT on mtDNA is consistent with its weak inhibition of mitochondrial DNA polymerase, which is approximately equivalent to that of TFV in potency (18, (35) (36) (37) . Significant reductions in mtDNA were only observed in RPT cells exposed to 200 M AZT, and these changes appear to be in parallel with the cytotoxic effects of AZT observed in these cells and are likely to be stress related. Mechanisms other than inhibition of DNA polymerase ␥ have been proposed for the toxicity of AZT (38, 39) .
When assessing the results of this study, several factors should be taken into account. Such long-term experiments in primary cell lines are subject to considerable variability, and in consequence, the use of a stringent post hoc statistical analysis can result in data that would appear to be biologically significant not reaching statistical significance. Furthermore, this study utilized nondividing primary human cell cultures in an effort to replicate the in vivo targets for NRTI toxicity. However, it is possible that in doing so, we have selected a system that is less sensitive than the traditionally employed dividing-cell models and that changes in cell viability measures are reduced over the time frame of these experiments. Finally, it should be noted that the cell culture media used in these studies contain significant concentrations of glucose. It is recognized that cells grown in glucose-rich media primarily use glycolysis to generate ATP and, consequently, they may have a level of protection against drugs that affect mitochondrial function (40) . Despite this, as each compound was tested under the same conditions, the description herein of the effect of each compound on mtDNA can be used to assess their relative mitochondrial toxicities and allows comparison between the different NRTIs.
In conclusion, while this study is not an extensive examination of structure-activity relationships among the NRTIs, the data do indicate that within the structural classes examined, even among thymidine analogs like BMS-986001 and d4T, small structural changes can reduce or essentially eliminate the liability for mitochondrial toxicity. In addition, the favorable in vitro toxicity profile observed for BMS-986001 compared with those of other NRTIs in this study supports its further investigation in clinical studies. The outcome of these studies will determine whether this favorable in vitro toxicity profile will also translate into the clinic.
